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Abstract A technique has been developed to probe directly 
RecA-DNA interactions by the use of the fluorescent chromo- 
phore, (+)anti-benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide 
(BPDE), covalently attached to DNA. The 24-mer oligonncleo- 
tide 5'-d(CTACTAAACATGTACAAATCATCC) was specifi- 
cally modified on the exocyclic nitrogen of the central guanine, 
to yield a trans-adduct. Upon interaction of the modified oligonu- 
cleotide with RecA we find an increase in BPDE fluorescence and 
a rather high fluorescence anisotropy, suggesting a restricted 
motion of the BPDE-oligonucleotide in the protein filament. In 
the presence of the cofactor ATPyS, binding of two oligonu- 
clotides, identical or complementary in sequence, in the RecA 
filament is possible. The RecA-DNA complex is, however, more 
stable when the sequences are complementary; in addition, a shift 
in the BPDE emission peaks is observed. In the presence of ATP 
(and an ATP regeneration system), the RecA-DNA interaction 
between two complementary oligonucleotides i changed, and we 
now find protein-mediated renaturation to occur. 
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1. Introduction 
RecA is a key component of general genetic recombination 
in Escherichia coli [1-3], and related proteins with similar func- 
tions are found in a variety of organisms [3,4]. Genetic recom- 
bination consists of strand exchange between two homologous 
DNA molecules, and the reaction facilitates postreplicative 
DNA repair and affects the organisation of the genome. Puri- 
fied RecA in vitro mimics the strand exchange reaction in the 
presence of cofactor ATP [5,6] and has been extensively studied 
in order to understand the mechanism of the homologous re- 
combination reaction (for reviews, see [3,7-9]). The physical 
nature of the DNA binding sites in the RecA fiber and the 
mechansims for these protein-mediated DNA reactions, are 
still, however, mostly unknown. 
We have earlier investigated RecA-DNA interactions by 
using a fluorescent marker, BPDE (Scheme 1), covalently at- 
tached to the N 6 position [10] of adenine in poly(dA) ho- 
mopolymers [11]. The BPDE chromophore is sensitive to the 
surrounding medium and can be used to probe the environment 
of the DNA binding positions in the RecA filament and inter- 
action between DNA strands [11]. Previous experiments, in the 
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Abbreviations: ATPzS, adenosine5'-O-3-thiotriphosphate; BPDE, 
(+)anti-benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide; FA, fluores- 
cence anisotropy. 
presence of the non-hydrolysable ATP analog ATP7S, showed 
that interactions could occur between all of the DNA strands 
bound in the three DNA binding sites in the RecA filament [11]. 
By contrast, in presence of hydrolysing ATE RecA promoted 
renaturation between complementary DNA strands within the 
filament [12]. To verify these conclusions also for RecA interac- 
tions with normal DNA of any sequence, we have here studied 
a 24-mer oligonucleotide of a mixed sequence, modified by 
BPDE at the N 2 position of the central guanine (Scheme 2). It 
has been reported [13] that RecA can promote pairing of ol- 
igonucleotides as short as 18 bases in length. By measuring the 
fluorescence characteristics of the BPDE chromophore, we in- 
vestigate the RecA-DNA interactions in the presence of com- 
plementary or identical oligonucleotides, and also the effects of 
different cofactors. 
2. Materials and methods 
RecA was purified by HPLC (DEAE 5PW, Tosoh) as a final step, 
as described elsewhere [14]. The RecA concentration was determined 
spectrophotometrically using e280 = 2.17 x 104 M-~cm -I [15]. ATP (spe- 
cial quality), ATP?,S, creatine phosphate and creatine kinase (from 
rabbit muscle) were obtained from Boehringer Mannheim. BPDE was 
purchased from Chemsyn Science Laboratories (Kansas, USA). 
Oligonucleotides were purchased from Innov~gen, Lund, Sweden. 
An oligonucleotide with the sequence 5'-d(CTACTAAACA- 
TGTACAAATCATCC) was chemically modified with BPDE at the N 2 
position of the central guanosine and subsequently purified and charac- 
terized as described in [16]. Unmodified oligonucleotides with identical, 
5'-d(CTACTAAACATGTACAAATCATCC), and complementary, 
5'- d(GGATGATTTGTACATGTTTAGTAG), sequences were also 
used. The concentrations were determined spectrophotometrically 
using 6':60 - -  274100 M -~ for the unmodified and BPDE-modified ol- 
igonucleotide and e260 = 271400 M -t for the complementary oligonuc- 
leotide. Also three 18-mer oligonucleotides with the sequences 
5'-d(CCATAACTACATACAACC), 5'-d(GGTTGTATGTAGTT- 
ATGG) and 5'-d(CATGGAGCAGGTCGCGGA) were studied. The 
sequence 5'-d(CCATAACTACATACAACC) was chemically modified 
with BPDE as decribed in [11]. The RecA complexes were formed in 
a buffer containing 5 mM cacodylate and 20 mM NaC1, pH 6.5, 1 mM 
MgCI:, and 80 ¢tM ATP),S. In some experiments 900 ¢tM ATP and an 
ATP regeneration system containing 6 mM creatine phosphate and 60 
U/ml of creatine kinase were used instead of ATP?'S. 
The RecA complexes with oligonucleotides, in presence of ATP),S, 
were formed assuming a general stoichiometry of 3 bases per protein 
monomer for each strand accommodated in the RecA fiber [17-21]. For 
this reason, 3 ¢tM RecA was mixed with 9/IM BPDE-modified oligo- 
nucleotide and incubated for 0.5 h at 22°C in the dark. The complex 
with two oligonucleotides was formed by addition of 9 /zM of an 
identical unmodified oligonucleotide or the complementary sequence 
to the preformed RecA:BPDE-oligonucleotide complex followed by 
further incubation. In another set of experiments, RecA was incubated 
with unmodified oligonucleotides, ither of identical or complementary 
sequences, for 0.5 h at room temperature, followed by addition of the 
BPDE-oligonucleotide and further incubation. Formation of a duplex 
(without RecA) between the BPDE-oligonucleotide and its complemen- 
try sequence was performed by mixing stoichiometric amounts, and 
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subsequent incubation for 1 h at 22°C. Studies in the presence of ATP 
(and an ATP regeneration system) were performed by adding 9 pM 
BPDE-modified oligonucleotide to 3 ,uM RecA and incubating for 0.5 
h. Then 9 pM of the complementary sequence, or the unmodifed 
identical oligonucleotide, was added to the mixture, and fluorescence 
monitored in short time intervals for 2 h. 
Fluorescence emission measurements were performed on an Aminco 
SPF-500 Quantum Corrected spectrofluorimeter. The emission was 
measured from 360 nm to 460 nm with 4 nm spectral resolution upon 
excitation at 353 nm (4 nm band-pass), at which wavelength BPDE is 
efficiently excited when complexed to the oligonucleotide. Two vibra- 
tional peaks at 383 nm and 404 nm are observed. All measurements 
were performed at 22°C, in a 1 cm × 1 cm quartz cell. For fluorescence 
anisotropy measurements the spectrofluorimeter was equipped with 
two polaroid films, one in the excitation and the other in the emission 
channel. The fluorescence intensities were measured with polarizers et 
either vertically (v) or horizontally (h) in the excitation and emission 
beams. The emission was measured at 383 nm, and the excitation 
wavelength was 353 nm. The degree of anisotropy was calculated from 
the measured intensities as: 
Iv,. - IvhG 
F= 
/~v + 2/~hG 
where G = lhv/lhh is used for instrumental correction [22]. The first index 
refers to the setting of the excitation polarizer and the second to that 
of the emission polarizer. Control experiments were performed to ex- 
clude artifacts from light scattering. Compared to the relatively strongly 
fluorescing pyrenyl chromophore, background fluorescence was negli- 
gible when exciting above 350 nm. Bleaching of BPDE by the excitation 
light was also checked as a possible source of error (repeated scans 
reproduced the emission spectrum). 
3. Results 
3.1. RecA binding of 24-mer BPDE-oligonucleotide in presence 
of A ThzS 
As shown in Fig. 1, the fluorescence mission of BPDE 
increases markedly upon RecA binding of the oligonucleotide. 
In addition, the fluorescence anisotropy, which is nearly zero 
for BPDE when in the free oligonucleotide, rises to nearly 0.2 
upon RecA binding, as shown in Table 1. Directly after binding 
of RecA some decrease (15-20%) of the initially very high 
BPDE emission intensity was observed, reaching equilibrium 
after about 30 min (not shown). Such an effect was not found 
upon RecA binding of BPDE-modified polynucleotide, 
poly(dA), previously studied [11]. 
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Fig. 1. Fluorescence emission spectra of the BPDE chromophore upon 
excitation at 353 nm, in the following complexes: BPDE-oligo- 
nucleotide (dotted line), RecA:BPDE-oligonucleotide (thin line), 
RecA: BPDE-oligonucleotide: complementary oligonucleotide (bold 
line), and RecA: BPDE-oligonucleotide: identical oligonucleotide (co- 
inciding with thin line spectrum). All in presence of ATPyS as cofactor. 
3.2. RecA binding of second oligonucleotide in presence of 
ATP)'S 
The binding of a second oligonucleotide ( ither complemen- 
tary or identical to the first one) to a preformed RecA-oligonu- 
cleotide complex, in presence of ATPyS, was probed by FA 
measurements, with the BPDE-oligonucleotide added as the 
second strand. Also in this case the FA increased substantially 
upon the RecA interaction (Table 1). Furthermore, the fluores- 
cence intensity of the BPDE-oligonucleotide increased upon 
addition to the preformed RecA:(unmodif ied oligonucleotide) 
complex (data not shown). 
The FA of the BPDE chromophore was found to decrease 
faster with time when the BPDE-oligonucleotide was added to 
a RecA: (identical oligonucleotide) complex, compared to addi- 
tion to a RecA:(complementary oligonucleotide) complex 
(Table 1). The decrease in FA also correlates with a decrease 
in the BPDE fluorescence intensity. 
Experiments were also performed in which a complementary 
or an identical oligonucleotide was added to a RecA:BPDE-  
oligonucleotide complex. Upon binding of the complementary 
oligonucleotide, a shift of about 3 nm to longer wavelengths in
the BPDE emission peaks was observed (Fig. 1). No shift was 
observed upon the addition of an identical oligonucleotide. In
both cases, no alteration of FA was found upon binding of a 
second oligonucleotide (Table 1). 
Experiments were also done with 18-mer oligonucleotides of
complementary, identical or unrelated sequences. Upon addi- 
tion of a BPDE-modified oligonucleotide to preformed 
RecA: oligonucleotide complexes containing any one 
of the three oligonucleotides, the FA increased, indicating bind- 
ing. The value of FA was larger, however, when the strand in 
RecA was complementary in sequence to the BPDE-modified 
66 
Table 1 
FA of various RecA complexes, in presence ofdifferent cofactors, as 
indicated 
Complex Cofactor FA 
oligo* (free) 0.00 _+ 0.005 
oligo*-duplex (free) - 0.02 + 0.005 
RecA/oligo* ATPyS 0.178 + 0.005 
RecA / oligo* /comp ATPyS 0.180 + 0.005 
RecA/oligo*/ident ATPyS 0.175 + 0.005 
RecA / oligo*-duplex ATPyS 0.140 _+ 0.005 
RecA/comp/oligo* (20 min) ATPyS 0.139 + 0.005 
RecA/comp/oligo* (120 min) ATPyS 0.125 + 0.005 
RecA/ident / oligo* (20 min) ATPT, S 0.125 + 0.005 
RecA/ident/oligo* (120 min) ATPyS 0.040 + 0.005 
RecA/oligo* ATP 0.168 + 0.005 
RecA/oligo*/comp (15 min) ATP 0.122 + 0.005 
RecA/oligo*/comp (180 min) ATP 0.044 + 0.005 
BPDE-oligonucleotide (oligo*) and BPDE-oligonucleotide uplex 
(oligo*-duplex) free in solution are also included. 'Comp' stands for 
complementary oligonucleotide and 'ident' stands for identical oligonu- 
cleotide. Incubation times at room temperature are indicated in pa- 
renthesis after some complexes. 
oligonucleotide (0.12). When the strands were either identical 
or unrelated in sequence, the FA:s were approx, the same and 
lower (0.06-0.07). Binding of identical or unrelated oligonucle- 
otides to preformed RecA-oligonucleotide complexes gave no 
effect on the fluorescence emission, in contrast o the results 
with the complementary strand (not shown). 
3.3. RecA binding of oligonucleotide duplex in presence of 
A TPyS 
In Fig. 2 it is shown that, upon formation of a duplex be- 
tween the BPDE-oligonucleotide and its complementary se- 
quence, there is a decrease in the BPDE fluorescence intensity, 
accompanied by a shift in the emission-peak ratio, I383,ml1404,m, 
(from ca 1.05 for the free BPDE oligonucleotide to ca. 0.83 for 
the duplex). There is, however, no increase in FA, showing that 
the probe is still mobile also when in a duplex structure. The 
melting temperature of the duplex between the BPDE oligonu- 
cleotide and its complementary sequence was found to be 55 ° C, 
compared to 59°C for the corresponding unmodified uplex, 
indicating that the presence of a BPDE-adduct has a minor 
effect on duplex stability. The addition of RecA to the du- 
plex increases the fluorescence intensity (Fig. 2) and the FA 
(Table 1). In addition, as seen in Fig. 2 an alteration of the 
BPDE emission-peak ratio, towards the ratio found for single 
stranded BPDE-oligonucleotide, was observed (1383nm/1404nm 
changes from 0.83 to 1.12). 
3.4. Renaturation of DNA in RecA filament in presence of ATP 
We also probed the RecA-DNA interactions in presence of 
hydrolysing ATE instead of ATPyS, as cofactor. Similar 
changes in fluorescence intensitiy and FA were observed for 
RecA binding of the BPDE-oligonucleotide (Fig. 3 and Table 
1). Upon addition of the complementary oligonucleotide to the 
complex, the fluorescence intensity isdrastically decreased and 
there is a shift in the emission-peak ratio (from 1.1 to 0.9), 
resembling the spectrum found for a BPDE-oligonucleotide 
duplex (Fig. 3). The FA is found to remain large (Table 1), 
showing that the BPDE oligonucleotide is still in complex with 
RecA. As observed from a slowly fading FA with time (Table 
1), the duplex dissociates from RecA possibly due to consump- 
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tion of the ATP regeneration system. Upon addition of an 
identical oligonucleotide to the RecA:(BPDE-oligonucleotide) 
complex, however, no changes in BPDE fluorescence are seen 
(cf. Fig. 3). 
4. Discussion 
We find that on addition of RecA to a 24-mer BPDE-modi- 
fled oligonucleotide there is an increase in the fluorescence 
intensity (Fig. 1) and a substantial fluorescence anisotropy 
(Table 1), as a result of, respectively, changed environment and 
restricted mobility of the BPDE chromophore upon the com- 
plex formation. We find that also a second (BPDE-modified) 
oligonucleotide can bind to a RecA:oligonucleotide complex, 
whether or not the two strands are complementary (Table 1) 
when in presence of the cofactor ATPyS. This possibility of 
accommodation of several strands without Watson-Crick 
binding was proposed already in 1984 [23]. It has also been 
verified previously with homo-polynucleotides, or single- 
stranded calf-thymus DNA, for which RecA can bind three 
strands independent of sequence [11,17,18,24]. There is, how- 
ever, an effect of complementarity between bound strands in 
the RecA filament. If the strands in RecA are complementary 
to each other, the RecA complex is found to be more stable. 
This is even more pronounced when studying 18-mer oligonu- 
cleotides. 
Upon binding of a complementary 24-mer oligonucleotide as 
a second strand in a RecA:BPDE-oligonucleotide complex, a
red-shift of about 3 nm in the BPDE fluorescence peaks is here 
observed, while no effect at all is not found if the second added 
oligonucleotide is identical in sequence to the already bound 
BPDE-oligonucleotide. Studies on BPDE-modified 18 mers 
show a similar lack of effect upon binding to RecA-BPDE- 
modified oligonucleotide complex for both identical and unre- 
lated sequences. Also in this case, the major difference is found 
if the strands are complementary to each other, with an effect 
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Fig 2. Fluorescence emission spectra of the BPDE chromophore when 
in a free BPDE-oligonucleotide duplex (dotted line) and upon RecA 
binding of this duplex (thin line). 
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Fig 3. In presence of ATP hydrolysis. Fluorescence emission spectra of 
the BPDE chromophore ofRecA : BPDE-oligonucleotide (dashed line) 
and RecA: BPDE-oligonucleotide: complementary oligonucleotide 
(bold line). Also shown is the fluorescence ofa BPDE-oligonucleotide 
duplex formed in absence of RecA (thin line). 
both on the fluoresence spectrum and the overall stability of the 
complex. The protein-mediated interaction between the DNA 
strands within the RecA filament may thus vary in nature 
depending on the degree of complementarity. This result is in 
contrast o recent findings by Radding et al. [25] for a RecA- 
DNA complex found to recognise an identical 33 mer in the 
same way as the complementary sequence. This difference may 
suggest hat the nature of the RecA interaction could be de- 
pendent on the length of the oligonucleotide. It may be noted 
that a different, more direct method has been used here to 
demonstrate complex formation. 
The present results upport hose of an earlier study of RecA 
complexes with BPDE-modified homo-polynucleotides [11], 
but there are certain variations which may relate to different 
environments of the probe. Upon binding of poly(dT) (or 
oligo(dT)lo) as the second strand in RecA :BPDE-poly(dA) (or 
RecA:BPDE-oligo(dA)j0 ) complexes, a decrease in fluores- 
cence intensity is observed [11, and unpublished results]. Simi- 
lar results have also been obtained with a mixed sequence 
(lacking guanines) 18-mer oligonucleotide containing BPDE- 
modified adenines (not shown). In the experiments presented 
in this report, instead a shift of the BPDE emission peaks is 
observed for the 24-mer oligonucleotide upon binding a com- 
plementary sequence in RecA (Fig. 1). This difference in BPDE 
characteristics may thus be an effect of the fact that here gua- 
nine has been selectively modified whereas it was adenine in the 
previous tudies. BPDE chromophores linked to the exocyclic 
nitrogen in guanines are known to interact with the minor 
groove of duplex DNA and directed to the 5'-end of the binding 
strand [26], in contrast to pyrenyl-like chromophores linked to 
the exocyclic nitrogen in adenines, which have been found to 
mainly intercalate between bases [27], We are currently per- 
forming studies to investigate the origin of these differences in 
the BPDE fluorescence characteristics upon interaction with 
complementary sequences in RecA. 
The previous discussion concerns use of ATPT/S as cofactor. 
We have also studied hydrolysing ATP as cofactor and found 
a clear difference in the RecA interactions. In the presence of 
ATP hydrolysis, we found renaturation between two comple- 
mentary 24-mer oligonucleotides to occur within the RecA 
filament (Fig. 3). This is concluded from the change in ratio 
between the largest BPDE emission peaks, indicating a base- 
paired duplex, but still a high FA (Table 1), showing binding 
to RecA. Another possibility, that the duplex should be formed 
outside RecA, after a transient dissociation of the BPDE- 
oligonucleotide, followed by rebinding to RecA as duplex can 
be ruled out, since in such a case a spectrum resembling that 
in Fig. 2 of RecA binding a preformed uplex (peak ratio, 
1383nm[1404nm>l) would have been observed. Instead the spec- 
trum (Fig. 3) resembles that of free BPDE oligonucleotide u- 
plex (see Fig. 3, peak ratio< 1) showing that we now have 
complete base-pairing. Thus, since the characteristics of the 
complex suggests a fully base-paired duplex, we conclude the 
renaturation to be mediated within the protein filament. 
Our results based on direct observation of renaturation 
shows that ATP hydrolysis i  necessary for the RecA promoted 
renaturation. ATP hydrolysis has earlier been found to be es- 
sential also for RecA-mediated renaturation between comple- 
mentary homopolynucleotides [12]. The role of ATP hydrolysis 
for the RecA-DNA interactions has been widely studied, but 
is still an issue of controversy [28,29]. We find here the renatu- 
rated duplex to remain in complex with RecA, and not be 
dissociated, which can be ascribed to the to ATP regeneration 
system preventing accumulation of ADP. Other studies [30] 
have indicated ADP accumulation to promote dissociation of 
RecA from the DNA. 
5. Conclusions 
In this paper we have shown that a fluorescent probe co- 
valently attached to a central deoxyguanosine can be used to 
directly monitor the interactions of RecA with mutually com- 
plementary or identical 24-mer mixed sequence oligonucleo- 
tides. In the presence of ATP),S, a RecA-oligonucleotide com- 
plex does not recognize a 24-mer oligonucleotide of identical 
sequence in the same way as a complementary sequence. Only 
in presence of ATP hydrolysis can RecA perform true base- 
pairing (renaturation) of two complementary oligonucleotides 
within the protein filament. 
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